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Accelerated climate warming has caused the majority of marine-terminating
glaciersinthe Northern Hemisphere to retreat substantially during the
twenty-first century. While glacier retreat and changes in mass balance

are widely studied on aglobal scale, the impacts of deglaciation on

adjacent coastal geomorphology are often overlooked and therefore
poorly understood. Here we examine changes in proglacial zones of
marine-terminating glaciers across the Northern Hemisphere to quantify
the length of new coastline that has been exposed by glacial retreat between
2000 and 2020. We identified a total of 2,466 + 0.8 km (123 km a™*) of new
coastline with most (66%) of the total length occurring in Greenland. These
young paraglacial coastlines are highly dynamic, exhibiting high sediment

fluxes and rapidly evolving landforms. Retreating glaciers and associated
newly exposed coastline can have important impacts on local ecosystems
and Arctic communities.

The Arctichaswarmed up to four times faster than the rest of the globe
during the last 40 years' and global temperatures are expected towarm
further in the coming decades? which will lead to important glacier
retreat during the twenty-first century®. Marine-terminating glaciers
in the Northern Hemisphere have undergone a net mass loss due to
terminus retreat of10.3 + 3.4 Gt ain the period 2000-2020". Ongoing
climate change and associated glacier retreat result in the rapid prolif-
eration of paraglacial coastlines’. More than 900 km of new coastline
hasbeenidentified by remote sensing analysisin Svalbard alone since
the1930s°. Glacier dynamics have been studied widely at aglobal scale’,
especially in association with sea-level rise® and its consequences for
terrestrial ecosystems’. However, little work has focused on determin-
ingtherate and extent of new paraglacial coastline formation despite
the ecologicalimportance of these regions as emergent habitats across
extensive regions of the Arctic’.

Asmarine-terminating glaciers retreat they reveal new coasts that
often consist of unconsolidated glacial landforms, such as moraines,
eskers, crevasse squeeze ridges or glaciofluvial deposits and deltas, as
well as glacially polished bedrock™. In some cases, the newly exposed
coastlineisin the form of rocky islands'>"*. The paraglacial coast exposed
from beneath glacial ice differs from much of the Arctic coast as it is
not initially affected by permafrost, which needs 2 years or more to
aggrade after deglaciation'*". This lack of permafrost and associated
icecementation meansthat sediment can be easily eroded, transported
and deposited, creating an Arctic system that is geomorphologically
uniquely dynamic. Inadditionto the regular coastal processes of erosion
and reworking by ocean currents, tides and wind waves, these newly
formed paraglacial coastlines are exposed to extreme waves. These often
tsunami-like waves are triggered by deglaciation processesincluding (1)
glacial calving', (2) iceberg rolling” and (3) landslides and rockfalls'®.
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Fig. 1| Spatial distribution and examples of new and lost coastlines in the
Arctic from 2000 t02020. Examples shown by photographs from 2020

with marked glaciers front positionsin 2000 (green dotted lines). a, Spatial
distribution of new (red) and lost (blue) coastline. Lost coastline displayed as
the top layer in the map. b, Alaska example of Sawyer Glacier (Randolph Glacier
Inventory identifier RGI60-01.20968) with relatively long new coastline due to
narrow topography. ¢, Arctic Canada South example of the outlet glaciers on

BaffinIsland (RGI60-04.03406 and RGI60-04.03405) which became land-
terminating during the study period resulting in relatively long new exposed
coastline (glacier fronts positions in 2000 are similar to the coastline position
in2020).d, Russian Arctic example of ice cap retreat with little coast change
on Graham BellIsland (RGI60-09.00986). e, Nathorstbreen glacier (Svalbard,
RGI60-07.00298) responsible for almost half the lost coastline of the Northern
Hemisphere as a result of the major surge.

The retreat of marine-terminating glaciers not only alters the
landscape but simultaneously poses an indirect risk to local com-
munities and economic activities in the coastal zone. Regions around
marine-terminating glaciers have an enhanced susceptibility to
landslide-triggered tsunamis; for example, the one recorded on 17
June 2017 in Greenland, which caused substantial infrastructure dam-
age and loss of life”. Calving fronts of tidewater glaciers, where small
tsunamis frequently form are often visited by tourists for their beauty
and abundant wildlife*’. Camping and touristic activities along coasts
close to the main iceberg transport routes are threatened by iceberg
roll waves (for example, ref. 21). Apart from health and safety risks
linked to extreme wave impacts, the tourism industry may be con-
siderably compromised by the scenic beauty of the landscape when
marine-terminating glaciers morph into land-terminating features®.
Conversely, the retreat of glaciers onland results in the termination of
icebergproduction, leading to safer sailing conditions. The recession of

glaciers canlead toincreased sediment production (for example, delta
formation) and easier access to sediment deposits, whichin the case of
Greenland, can promote the economic independence of the region®.

Here we illustrate the impact of marine-terminating glacier
retreat on the origin and development of new Arctic coasts in the
twenty-first century. We use the dataset of Northern Hemisphere
marine-terminating glacier retreat between 2000 and 2020* to iden-
tify allmarine-terminating glaciersin the Northern Hemisphere and as
asource of year 2000 glacier fronts positions. Using satellite imagery,
we manually digitize the new coastline exposed as a result of glacier
retreat and the coastline that has disappeared as a result of glacier
advances. We identify ~2,500 km of new coastline released from gla-
cialice that formed across the Arctic since 2000, analyse it by region
and characterize some of the environmental factors affecting coastal
evolution, such as exposed rock type, occurrence of permafrost and
recent climatic conditions.
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Fig. 2| Length of new and lost coastlines marked by individual glaciers. Glaciers connected with the longest new and the longest lost coastline are displayed in the

front.

New and lost coastlines of the Arctic
We analysed 3,217 sections of Northern Hemisphere coastline (Fig. 1)
developingin front of marine-terminating glaciers to explore the rate
of coastline formation due to glacier retreat. Our results show that
2,466 + 0.8 km of new coastline has formed between 2000 and 2020
giving anaverage length of 123 km of new coast every year. Two-thirds
(66%) of this coastline was exposed in Greenland—the largest region
of the Arctic also with the highest glacier coverage. The Northern
Canadian Arctic, Russian Arctic and Svalbard contributed similarly
with 218-240 km of new coastline (9-10% each). The remaining part is
divided among Alaska, Southern Canadian Arctic and Iceland (Fig. 1,
Supplementary Table 1and Supplementary Fig.1). More than half of the
total additional coastline lengthis derived fromonly 101 glaciers—6%
ofallmarine-terminating glaciersin the Northern Hemisphere and 8%
of the glaciers that uncovered any new coastline (Fig. 2).
Theretreatofaglacier does notautomatically lead to the origin
of a new coast. Of the 1,704 marine-terminating glaciers reported
by ref. 24, 1,453 (85%) retreated, and we find that 1,206 (71%) led to

the development of new coastline. The absence of new coastline
despite glacial retreat was mainly the result of a small amount of
retreatin the central part of the glacier terminus that did not affectits
lateral margin zones or in the case of outlet glaciers or marine-based
ice caps where there is no lateral contact with land. The last was fre-
quently observed in the Russian Arctic (particularly Franz Joseph
Land), where only 48% of marine-terminating glaciers developed
new coastline. The other regions have a rather uniform ratio of gla-
ciers with newly developed coastlines compared to the number of
allmarine-terminating glaciers (71-88%), except Iceland where only
one marine-terminating glacier is present (Supplementary Table 1
and Supplementary Fig. 2).

Regions with the greatest reduction in glacier areal extent did
not necessarily correlate with the areas of most coastline gain. After
normalizing coastal gain by glacier arearetreat, we found that, on the
contrary to overall length of gained shoreline, it is not Greenland but
Alaska and Arctic Canada South that are the most efficient regions in
forming new coast (Fig. 3).
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Fig. 3| Comparison between new coastline length and retreat areafor the
period 2000-2020 for individual glaciers and for study regions. Dataon
glacier areal retreat adjusted from ref. 24. a, Map of NC-RA ratios for individual

glaciers. b, Regional differences in glacier areal retreat and resulting new
coastline origin; all marine-terminating glaciers are included; red square
represents hemisphere average.

In contrast to newly exposed coastline (2,466 km), we identified
only 53.1+ 0.1km of coastline that was lost due to glacier advances,
including surging. Most of this lost coastline is reported from Sval-
bard (63%), where a major surge of the Nathorstbreen glacier system
buried nearly 26 km of coastline present in 2000. This single glacier
therefore accounts for almost half of the lost coastline of the Northern
Hemisphere (Fig.1d). Length of lost coastline by regions can be found
inSupplementary Table 1and compared on Supplementary Fig. 1.

New islands

Retreating glaciers not only expose new coasts but also uncover new
islands. We identified 35 new islands larger than 0.5 km?that were com-
pletely uncovered or lost their glacial connection with the mainland
during the period 2000-2020. Most (n =29) new islands are in Green-
land with only six in Svalbard and the Russian Arctic. Here we report
13 newislands: 12 that separated from Greenland and 1that separated
from Severnaya Zemlya in the Russian Arctic. However, five of those

islands (with four related to the same glacier) are already on maps from
the 1960s, suggesting substantial advance of these two glaciersin the
late twentieth century (islands 12 (ref. 25) and 14-17 (ref. 26)). Glacial
advanceresulted inice covering the islands in the late twentieth cen-
tury and glacial retreat during the last two decades has led to their
reappearance. Spatial distribution and examples of new islands are
showninFig.4 and more data concerning specificislands can be found
inSupplementary Table 2.

Environmental conditions along newly emerged
coasts
To evaluate the efficiency of the coastal processes operating along
deglaciated terrains we compiled key information regarding the
dominant geology, permafrost coverage and climate (mean annual
temperature (MAT) and precipitation in period 2000-2020) (Fig. 5).
The geological description was generalized to categories of sedi-
mentary, igneous, metamorphicand undivided rocks based onref. 27.
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Fig. 4 |Map and examples of new islands detected from the period 2000-2020 in the Arctic. a-g, Map of new islands (a); island no.1(bin 2000, cin 2020); island
no.29 (din2000, ein2020); and island no. 27 (fin 2000, g in 2020). Green line marks the year 2000 glacier front position and the red arrow marks the island of interest.

The majority of new coastline is formed in areas of metamorphic bed-
rock (Fig. 5). Sedimentary rocks, which are generally softer and more
susceptible to erosion®®?’, dominate along the eastern coasts of Sval-
bard (Fig.5). Small stretches of coastline made up of sedimentary rocks
have alsobeen exposedinthe Arctic regions of Canada, Alaska and the
northern fringes of Greenland.

New coastlines are forming across a range of permafrost zones
from continuous (underlying 90-100% of the landscape) to isolated
(underlying 10% or less of the landscape). In northern continuous
permafrost regions, the meanannual ground temperature at the depth

of zeroamplitude ranges from -5to <-10 °C (ref. 30), with some of the
coldest sites exhibiting a mean annual ground temperature down to
-15°C (for example, Alert, Canada, 82° N at 15 m depth®*°). More than
half of new coasts detected in our study were found in this zone (Fig. 2).
The most southerly new coastal sites mapped (Alaska, Iceland and
southeastern Greenland) are in the sporadic to isolated permafrost
zone where the mean annual ground temperature at the depth of zero
amplitude is close to freezing at >-1 °C.

The climatic indices are highly variable, with average air tem-
perature spanning from +6 to —20 °C and precipitation from <100 to
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Fig. 5| Geological and climatic summaries of newly emerged coastlines. a-d, to the total length of new coastline segments attributed to the particular class.
Generalrock types (a), permafrost zones (b), MATs (mean for period 2000-2020) Datasources: rock type, ref. 27; permafrost zones, ref. 65; and temperature and
(c) and annual precipitation (mean for period 2000-2020) (d). Diagrams refer precipitation ERAS data, ref. 66.

>4,000 mmintheregion (Fig.5). More thana quarter of new coastline  MAT, where frost cracking, potentially leading to further rock sur-
length is characterized by MAT below —12 °C and more a halfby MAT  face weathering, is expected to be more efficient®. All these sections,
below -7 °C. Only 4% (nearly 110 km) occurs in places with positive  present in Alaska, Iceland and southeast Greenland, are at the same
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time very humid with precipitation exceeding 1,800 mm, which may
facilitate substantial sediment mobilization by fluvial processes. MAT
and annual precipitation in the areas of new coasts can be found in
Supplementary Table 3.

Discussion

The major factor controlling paraglacial coastline lengthening in the
northern hemisphere is the retreat of marine-terminating glaciers.
The most dramatic retreat and new coast emergence were formed as
aresultof the collapse of either ice shelves or the floating portion of a
marine-terminating glacier (floating glacier tongue)*. Disintegration
ofiice shelves derived from floating glacier tongues and multidecadal
fast seaice is characteristic for the northernmost part of Greenland™
and Canada (Ellesmere Island®), where most of the glaciers retreated
between 1999 and 2015 to their grounding lines and lost connection
withthe sea®. According toref. 24, three other factors promoting sub-
stantial retreat are: (1) if the glacier surges, (2) if the glacier has vari-
ablebedtopography or (3) ifthe glacier has substantially wide calving
margins (see also refs. 35,36).

Recent marine-terminating glacier retreat is usually controlled
by increasing ocean temperature® >’ or a combination of ocean and
atmosphere warming*’. Other controlling factors that lead to high
spatialand temporal variability of the retreat rate include the location of
pinning points, other topographic characteristics (configuration of the
coastline) and variationsin snowfall distribution*’. Glacier retreat may
beinfluenced by increasing frequency of extreme atmosphericevents,
suchasatmospheric-river-induced foehn events. These events have spa-
tially variable effect and canlead to high melt rates of some Greenlandic
glaciers* or glaciers in the Russian Arctic*. Climate warming in the
twenty-first century has serious consequences for marine-terminating
glaciers for example in the Canadian Arctic Archipelago***, Russian
Arctic*® or Atlantic Arctic*, where the retreat rate after 2000 is known
to be markedly higher than during the twentieth century.

Itis important to highlight that retreat rate as well as coastline
exposure rate are not constantin time and minor advances are detected
even among the fastest retreating glaciers®. Some glaciers exhibit
nonlinear behaviour through a mix of retreat and advance episodes
whereby any coastline exposed in a retreat phase was later lost by
advance (for example, Nathorstbreen glacier surge*’; Fig. 1d).

The extent of coastline emergence is tightly connected to local
topography with more complex and elongate shapes (for example,
narrow fjords) resulting in a higher new coastline to retreat area (NC-
RA) ratio. Glaciers with termini that extended out into the open sea
could experience extensive retreat without any new coastline formation.
Coastal morphology is connected to long-termlocal climate, especially
air temperature and precipitation rates that affect overall glacier mass
balance and predispose glacier sliding (Supplementary Fig. 3 represent-
ing glacier velocity as a proxy for glacier sliding), affecting the erosion
efficiency of the glacier** . Spatially variable erosion rates can also be
aneffectof varying underlying geology®'. Glacial valleys formed in softer
rocks tend to be shallower and wider®. Our analysis shows a strong rela-
tionship between NC-RA ratio and rock type category being either (1)
sedimentary rocks (as generally being more easily erodible) or (2) igne-
ous and metamorphicrocks. Sedimentary rocks proved to be connected
to less effective coastline gain. However, at least part of this correlation
should be attributed to specific spatial distribution of sedimentary rock
units in the Arctic, especially in Greenland (Supplementary Analysis).
Tectonic uplift, present among our study regions, mainly in Alaska and
Iceland canalso beanimportantdriver of glacial erosion’>**and therefore
potentiallyimportant in the development of new soft coastlines.

Greenland contains the largest average glacier retreat areain
the Arctic (Fig. 3). The glacier with the longest new coastline, Zacha-
riae Isstrom in northeast Greenland, is responsible for >81 km of new
coastline, which is more than twice as much as any other glacier in the
hemisphere (dataset®). The majority of glaciers exposing the longest

Fig. 6| Geodiversity of new coastlines developed after retreat of Arctic
marine-terminating glaciers. a, Young delta system accumulated in the lagoon
exposed by Recherchebreen, Svalbard. b, Rocky cliffs and morainic cliffs released
from retreating Samarinbreen, Svalbard. ¢, Juvenile beach systemin Brepollen
supplied by glacial sediment dropping from remnants of ice cliffs. d, Erosion of a
lateral moraine by calving waves from Eqip Sermia, Western Greenland, leading to
extension of the spit system along the southern coast. Credit: b,c, Aleksandra Osika.

coastline are in Greenland with almost all of them attached to the ice
sheet. However, the low NC-RA ratio makes it second least effective
among our study regions in producing new coastline compared to
glacier areal retreat. This is generally due to the wide glacier tongues
inthe north of Greenland, that terminate inice shelves®. Others* stud-
ied 199 marine-terminating glaciers in Greenland in the early 2000s,
out of which only 11 showed overall advance and the total retreat was
267 km from 2000 to 2010. Our finding 0f 1,629 km of new coastline in
Greenland seems to be of the same order of magnitude considering the
timescale and typical shape of fjords (that is, two new coasts forming
on either side of a fjord). However, our study includes all tongues of
each glacier, while ref. 55 focus on the main trunks.

Examples from Alaska demonstrate the importance of topo-
graphic controls on the behaviour of the glaciers. Retreating glaciers
in deep and narrow fjords expose long coastal zones with only minor
areal change (Fig.1a). While Alaska has the second lowest areal retreat
rate, it exhibited one of the longest new coastlines with a high NC-RA
ratio (Fig. 3). This canbe explained by deep fjords that are formed asa
result of high erosionrates resulting from high precipitation, relatively
high temperatures (Fig. 5), as well as tectonic activity related to prox-
imity to a convergent plate boundary. The effect of soft sedimentary
bedrock present along numerous coastline sections (Fig. 5), which
may contribute to valleys widening and therefore lower NC-RA ratios,
seems to be negligible.

In contrast to our observations from Alaska, the configurations
of glaciers in Franz Josef Land (Russian Arctic) are not favourable for
exposing long coastlines. The archipelago differs from the rest of the
Arcticinglaciationstyle (ice caps and ice shelvesinstead of grounded
glaciers and ice streams channelized in steep and narrow fjords).
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Glaciers here have low slopes and terminate in wide floating tongues
surrounded by the opensea®. Here even considerable retreat may lead
only to the minor exposure of new coasts, if any (Fig. 1c).

Southern Arctic Canada stands out for its high NC-RA ratio.
Despite the relatively short new coastline per glacier, the ratio is
extremely high asaresult of very little average area change. Thisregion
is characterized by smallice caps with numerous narrow glacier snouts.
Narrow glacial valley morphology and extensive coastline emergence
intheregion canbe partly explained by the bedrock as new shorelines
are generally characterized by resistant metamorphic bedrock that
erodes slowly (Fig. 5). More than half of the glacier tongues changed
or nearly changed from marine-terminating to land-terminating dur-
ing the period of 2000-2020 and therefore produced new coastlines
notonly perpendicular toice flow but also parallel to the glacier front
(Fig.1b). This observation highlights the fact that small glaciers matter
when considering the coastal dynamics and appearance of new coast.

Retreating, warm-based glaciers uncover the bedrock surface
which can then be exposed to below-zero mean annual air tempera-
tures. After 2 or more years, this may lead to permafrost aggrada-
tion that may take decades to reach equilibrium with the climate®’.
In general, permafrost aggradation is expected to be limited to new
coastlines in the continuous permafrost zone where mean annual air
temperature is sufficiently low. Implications of permafrost aggrada-
tion vary, depending on lithology. Along sedimentary shorelines,
permafrost aggradation could affect the rate of geomorphological
change as it leads to the cementation of sediment with ice**. Along
bedrock shorelines, permafrost has alimited influence on coastal zone
processes®, although ice filling of rock joints canincrease the strength
of permafrost-affected fractured bedrock®. Ongoing climate warming
isexpectedto cause long-term permafrost thaw and ice warming conse-
quently destabilizing adjacent slopesin coming decades and centuries,
whichwill continue to influence the geomorphology of new coastlines.

Our analyses show that the majority of new coast is forming in
relatively resistant bedrock, continuous permafrost zone and relatively
harsh climatic conditions, which may prevent rapid coastal change
(that is, erosion). For new coastlines forming in cold continuous per-
mafrost, aggradation of new permafrostis likely to occur fairly rapidly
(<5 years). The development of new permafrostin the discontinuous,
sporadicandisolated zones is more challenging to predict because of
thevariable influence of lithology, topography and vegetation dynam-
ics. Where permafrost does form, it canlead toice cementation along
sections of unlithified coastline, potentially making these new coast-
lines more resilient to erosion.

Coastsbuiltinsedimentary strata are the most prone to fast sedi-
ment generation and redistribution®. These regions, such as eastern
Svalbard, may be considered hotspots in terms of expected coastal
dynamics. In regions characterized by an abundance of sediments
released fromretreatingglaciers, such as Svalbard, Alaskaand southern
Greenland, rapid formation of accumulative landforms (such as deltas)
isobserved (for example, refs. 62,63).

An alternative process occurs when rapid glacial retreat exposes
bedrock and may lead to changes in internal rock stress, increased
erosion and weathering. This may lead to rapid slope deformations,
suchasrockfalls or landslides, triggering tsunamis in extreme cases as
reported fromsites around Alaskaand Greenland (for example, ref. 64).

The observed formation of young paraglacial coastal environments
emergingfromtheretreat of Northern Hemisphere marine-terminating
glaciers (for examples, see Fig. 6) foreshadows coastal evolutionin the
ice-free Arctic of awarmer future. Bothaccumulative (beaches, deltas,
barriers and tidal flats) and rocky (cliffs, stacks, skerries and shore
platforms) coastal systems will rapidly adjust to non-glacial condi-
tionsonlandandadeclineinseaice extentand duration. How quickly
the sediments and landforms left along these shores lose their glacial
characteristics and become a new coastal environment, no longer
controlled by the presence of glacial ice, remains a knowledge gap.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-025-02282-5.
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Methods
Remote sensing data
We used the dataset of Northern Hemisphere marine-terminating gla-
ciersretreat between 2000 and 2020 toidentify all marine-terminating
glaciers in the Northern Hemisphere. We manually digitized the new
coastline that was exposed as a result of glacier retreat using satellite
imagery. Similarly, we also digitized the coastline that disappeared as
aresult of glacier advances. We mapped the vector shapefiles of the
above-mentioned dataset using 2020 Sentinel-2 (cloud-free, false col-
our—bands 8,4,3in10-mresolution) opticalimagery to delimit new shore-
lineand cross-check glacier margin accuracy. We checked glacier advance
and coastline loss using Landsat-7 cloud-free, true colourimagery from
2000 (30-mresolution). For afew areas where the Sentinel-2images were
notavailable (the northernmost parts of Canada and Greenland) we used
Sentinel-1(20 m x 40 m) or Sentinel-3 OLCI (300 m) images.

We followed ref. 24 and used the Randolph Glacier Inventory v.6
(ref. 67) to provide auniqueidentifier for each glacier. The shapefiles of
the newly emerged coastline and the coastline lost including the basic
derived parametersin the attribute tables are provided.

Environmental factors of the new coastlines

To provide ageneral characterization of new coastline, digitized lines
were split using the ‘Split lines by maximal length’ algorithm in QGIS
with maximum line length set to 500 m. Each of the resulting 6,699
coastline segments was then supplemented with an attribute of rock
type, permafrost zone, precipitation and temperature. The geologi-
cal description is generalized to categories of sedimentary, igneous,
metamorphicand undivided rocks based onthe geological map of the
Arctic?.Bedrockisindicated as metamorphic for mediumor high grade
of metamorphism. The work of ref. 27 does not cover the southern part
of Alaska (below 60° N), so the missing sites were filled using a geologic
map of Alaska®®. Permafrost classification follows ref. 65.1f a segment
is covered by ice according to the geological or permafrost map the
nearest rock/permafrost category is attributed. When two or more
geological/permafrost classes are present along coastline segment
the class with the longest overlap is chosen.

The supporting climatic indices (air temperature and precipita-
tion) were derived from the gridded monthly averages of the ERAS
reanalysis provided by the ECMWF (https://cds.climate.copernicus.eu/
datasets). Monthly averaged values north of 50° Nwere downloaded for
the period 2000-2020. The single average value was then attributed
to eachline segment of the new coast shapefile. The values presented
in figures are in degrees centigrade at 2 m above the surface for air
temperature and total annual precipitation amount (summed rainfall
and snowfall) in millimetres per year.

We used ITS_LIVE glacier velocity data, which were extracted near
the termini of each glacier*, as a proxy for glacier erosion potential.

Cartographic projection and validation of results

Retreat areas for individual glaciers from period 2000-2020, used for
calculating NC-RA ratio for regions and for individual glaciers, were
taken from ref. 24. NC-RA ratio was calculated for individual glaciers
by dividing length of new coastline (in kilometres) by corresponding
retreat area (in kilometres squared). Digitizing of the coastline and
calculation of the coastline length were undertaken in QGIS 3.22; final
versions of the maps were produced in QGIS 3.34. We projected each
line into a unique orthographic projection suitable for that location
to calculate the length of the feature to eliminate the impact of area
distortion*. The graphical outputs are projected in the WGS84 Arctic
Polar Stereographic projection (EPSG 3995). We used late summer
images (preferably August/September or July if other images were
not available) to avoid any snow cover which can make it difficult to
distinguish between snow cover on land and the glacier surface. We
checked visually for the presence of an ice-cored lateral moraine on
theedge of the glacier, whichis often visible, and excluded it fromthe

newly identified coastline. In the process of delimitation of new coasts,
we alsoidentified newislands and made aninventory of islands larger
than 0.5 km?that appeared between 2000 and 2020. New islands found
were then compared to the previous studies'".

Uncertainties

The uncertainty is based on the spatial resolution of the satelliteimages
used for the coastline delimitation. Each line segment of the digitized
coastline was thus considered to have a10-m uncertainty on each side.
A similar uncertainty would apply to the positional accuracy of the
digitized coastline; however, this does not affect the calculated length.
Each line side is treated as an independent error source, so the total
uncertainty is calculated as aroot of summed squared values (follow-

ing, for example, ref. 24)—giving the equation un = 1\% where [is the

number of coastline segments and the unit is kilometres.

However, the scale at which imagery is digitized does affect the
length, but only in comparison to lengths at differing scales*. On
the basis of imagery resolution we digitized the coastline at a scale of
1:5,000. Thus, our lengths are internally consistent, but may differ from
those of other studies at different scales.

Data availability

Dataareavailable as follows: (1) polygons showing marine-terminating
glaciers retreat/advance between2000 and 2020 are available from the
polar data catalogue (http://www.polardata.ca/pdcsearch/PDCSearch-
DOL.jsp?doi_id=13257) and (2) all the satelliteimagery data used in this
study canbe freely downloaded from SentinelHub EO browser (https://
apps.sentinel-hub.com/eo-browser). The generated datasets of (1) new
and lost coastline segments, (2) new and lost coastline grouped by indi-
vidual glaciers and (3) fragments of new coastline segments with general
geological, permafrost zone and climatic characteristics, are available
viaZenodo at https://doi.org/10.5281/zenodo.14538245 (ref. 54). Cor-
respondence and requests for materials should be addressed to M.S.
(malgorzata.szczypinska2@uwr.edu.pl) and].K. (jkavan@prf.jcu.cz).
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